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Percolation of gold films of ∼ 15 nm thickness was controlled to achieve the largest openings during
Au deposition. Gold was evaporated on 300-nm-thick films of nanostructured porous and columnar
SiO2, TiO2 and MgF2 which were deposited by controlling the angle, rotation speed during film
formation and ambient pressure. The gold films were tested for SERS performance using thiophenol
reporter molecules which form a stable self-assembled monolayer on gold. The phase retardation of
these SERS substrates was up to 5% for wavelengths in the visible spectral range, as measured by
Stokes polarimetry. The SERS intensity on gold percolation films can reach ∼ 103 counts/(mW·s)
for tight focusing in air, while back-side excitation through the substrate has shown the presence of
an additional SERS enhancement via the Fresnel near-field mechanism.
PACS numbers: Keywords: 3D coatings, Raman sensors, surface enhanced Raman scattering
INTRODUCTION
It was demonstrated that optical near-field effects can
be utilised to augment surface enhanced Raman scat-
tering (SERS) intensity when light is traveling from the
substrate (usually glass) into air or solution from where
analyte molecules can attach to nano-islands of gold or
other plasmonic metal [1]. This SERS excitation geome-
try is usually referred to as back-side whereas the stan-
dard retro-reflection setup with laser beam irradiating a
substrate with metal nanoparticles from the air/solution
side is the front-side.
Metal films nanometers in thickness deposited on dif-
ferent substrates have distinct formation morphologies
defined by surface energy and deposition conditions. Per-
colation of individual islands takes place to form a film
when thickness is typically exceeds 10 nm. Since back-
side Raman excitation can increase SERS sensitivity by
a factor of ∝ n4 where n is the refractive index of the
substrate (in reference to air or solution), it is of inter-
est to explore properties of gold metal films at the per-
colation threshold, where interconnected metal islands
produce the largest nano-groove openings. The possi-
ble polarisation effects on light transmission through a
random pattern of nano-grooves, its coupling into sur-
face plasmon polaritons, as well as plasmon localization
effects are all very relevant for control of SERS perfor-
mance. Recently, it was demonstrated that patterns of
nanoparticles forming a metamaterial which can support
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a traveling surface wave are better suited for SERS [3].
Also, randomness of a nanoparticle pattern in terms of
their size and separation is advantageous for the spec-
trally broad-band performance and increased intensity
in SERS [4, 5]. The percolation metal films studied here
exhibit both randomness and surface interconnectivity.
When ∼ λ/2 waveplates are made out of dielectric lay-
ers deposited on a flat surface, it should be possible to
achieve effective back-side irradiation field enhancement
conditions using standard front-side illumination. For
the ∼ λ/2 waveplate the phase shift of 2pi occurs for
light which experiences reflection and a double pass in
the film. By engineering reflectivity of the substrate and
waveplate material with deposited gold films, SERS sub-
strates can be realised with the added benefit of back-
side augmentation of the local E-field of light. Such sub-
strates can be straightforwardly used in upright Raman
microscopy tools, whilst making use of an increased sen-
sitivity. Complex 3D columnar coatings acting as wave-
plates have nano-rough surfaces when grown by glanced
angle deposition. This feature has potential to be used
for SERS after plasmonic metal coating.
Here, we report on the optical properties of gold films
at the percolation threshold deposited on nanostructured
SiO2, TiO2 and MgF2 coatings formed by glanced angle
deposition and under low vacuum conditions for their use
as SERS substrates. Such sensor surfaces are compatible
with a practical fiber platform [6, 7].
SAMPLES AND PROCEDURES
For experimental investigation six different samples
were produced using a thin film deposition machine
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FIG. 1: Principle of glancing angle deposition. The orientation of the substrate is controlled by two step motors. An evaporation
source is either an electron beam heated crucible with Ti3O5 material or a resistively heated tungsten boat with MgF2 material.
(b) Schematics of a columnar film grown by the glancing angle deposition with controlled porosity and birefringence ∆n typical
for TiO2 [2]. Cross sectional views of (c) TiO2 chevron films made at two different deposition angles and (d) MgF2 chiral
waveplate made by glancing angle deposition with rotation.
VERA 1100 (VTD, Germany). All the films were pre-
pared on a silica substrate by first coating dielectrics
as the base layer and subsequently depositing gold on
top of them. The inner structures and materials used
for dielectric layers are summarized in Table I. Poros-
ity in the dielectric films was due to intense gas-phase
collisions in low P0 = 10
−1 Pa vacuum during transport
from the source to the substrates [8]. The tilted columnar
thin film (CTF) structure was formed by using the the
glancing angle deposition [9] technique which is used to
make CTF and chiral films with controlled porosity and
birefringence (Fig. 1(a,b)). The substrates were placed
stationary above the evaporation source. By manipu-
lating the substrate with dual step motors exceptional
variety of achievable 3D film structures can be realized
(Fig. 1(c,d)). As part of this work the angle between the
vapour flux and the substrates was maintained at 60 or
70 degrees, depending on sample. For the T60 TiO2 and
T70 TiO2 samples the evaporation source was Ti3O5
material heated using an electron beam. A 300 nm thick-
ness was coated at the evaporation rate of 2A˚/s. In order
to achieve complete oxidation, an additional oxygen flow
of 20 sccm was introduced into the chamber. For the
V MgF2 sample the evaporation source was MgF2 ma-
terial placed in a resistively heated tungsten boat. For
the production of vertical CTFs, the substrate was ro-
tated about its axis at 1 rev/s. The remainder of the
substrate geometry was kept the same. In CTF manu-
facturing cases the distance between the substrate and
the evaporation source was maintained at 30 cm to en-
sure a collimated flux of vapour.
The top gold layer was evaporated in a separate process
at the rate of 0.5A˚/s for all the samples simultaneously. A
thickness between 10 and 20 nm was formed using a resis-
tive evaporator. A flat witness glass was used to control
the process by monitoring the transmission at the wave-
length of 600 nm. The evaporation process was stopped
TABLE I: Summary of the materials used for dielectric layers
and their inner structure. The layers are porous (P), columnar
tilted (T) and vertical (V). CTF = columnar thin film.
Sample Structure Material
P SiO2 Porous SiO2
P MgF2 Porous MgF2
V MgF2 Vertical CTF MgF2
T60 TiO2 60
◦ Tilted CTF TiO2
T70 TiO2 70
◦ Tilted CTF TiO2
V TiO2 Vertical CTF TiO2
when the transmission reached the first minimum due to
the percolation effect (Fig. 2).
Polariscopy measurements were used to characterise
the polarisation changes of light propagating through the
columnar film and Au coating. The intensity of the trans-
mitted light, IT , was measured using a λ/4 waveplate
and an analyser at different orientational angles β and
α, respectively, according to [10]:
IT (α, β) =1/2[I + (Q cos(2β) + U sin(2β)) cos(2(α− β))
+ V sin(2(α− β))],
(1)
where α and β are the rotation angles of the fast axis
of the polarizer and the waveplate with respect to the
x-axis (horizontal).
The four Stokes parameters, S(I,Q, U, V ), that define
an arbitrary state of light polarisation, are determined by
separate measurements with the waveplate and analyser
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FIG. 2: (a) Gold film at the percolation threshold evaporated on the SiO2 porous film (sample P SiO2). (b) Transient of
transmission monitored during gold deposition. Arrow mark represents the condition of film shown in (a).
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FIG. 3: (a) Schematic of the setup used to measure Stokes
parameters S(I,Q,U, V ) and retardance ϕ = atan(V/U).
(b) Retardance, ϕ, spectra presented in wavelength fractions
ϕ/2pi = ∆nd/λ for different samples with porous and colum-
nar films (Table I); 1-mm-thick silica was used as a control
sample. Inset shows schematics of the front-side SERS mea-
surements and a CCD image of a ∼ 50 µm-diameter area on
the sample which was integrated in order to determine the
Stokes parameters. Error bars are ±30%. The dashed line is
prediction of a linear dependence ϕ ∝ d/λ.
at fixed angles of α and β, given by:
I = IT (0, pi/4) + IT (0,−pi/4),
Q = 2IT (0, 0)− I,
U = 2IT (pi/4, pi/4)− I,
V = 2IT (0,−pi/4)− I.
(2)
It is usual to present Stokes parameters as the Poincare´
sphere with the retardation given by ϕ = atan(V/U).
Filters of 10 nm spectral bandwidth were used to select
different central wavelengths from a white-light super-
continuum laser (SuperK Compact, NKT Photonics) in
the range from 400 to 800 nm and focused to a 5− 7µm
spot on the sample. The incident linearly polarised light
was set at 45 degree polarization using a Glan-Taylor
polarizer and was focused onto a region of the sample
via an objective lens of numerical aperture NA = 0.26
(10×, Mitutoyo). After the sample, an NA = 0.5 ob-
jective lens (100×, Mitutoyo) was used to collect and
collimate the transmitted light for polarisation analy-
sis. The sample and the two objectives were mounted on
2D positioning stages. Polarisation analysis was carried
out after the second objective with an achromatic λ/4-
waveplate and a second Glan-Taylor polarizer. Phase
retardation, ϕ, of the 45◦ linear polarized beam (i.e. the
phase delay between the s− and p−polarized light) was
measured as ϕ = 2pi∆nd/λ, where ∆n is the birefrin-
gence, d is the thickness of the structure (a film with
Au coating), and λ is the wavelength of light. A tube
lens and a 1024× 768 pixel CCD were used for imaging
and transmission measurements. Typical lateral resolu-
tion was 5 − 7 µm. The setup was tested by measuring
retardance of a commercial λ/2-plate.
Raman scattering spectra were acquired using an InVia
Streamline Raman microscope (Renishaw, UK) under
λ = 633 nm continuous wave laser excitation at P =
2.94 mW total power, focused with an objective lens
of numerical aperture NA = 0.25. The Au layer was
functionalized by immersing the substrates for 30 min
in a 10 mM ethanolic thiophenol solution. Substrates
where subsequently rinsed in ethanol, to remove thiophe-
nol molecules not bound to Au, and blow-dried with N2.
Near-field enhancement effects were probed by perform-
ing Raman spectra acquisitions, both, with laser inci-
dence from the thin-film deposition side (front-side) and
by focusing on the Au layer through the 4 mm-thick
glass substrate (back-side).
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FIG. 4: Raman scattering spectra of thiophenol measured on ∼ 15 nm thick Au via front-side and back-side acquisition at
several locations. (a) Broad-sweep Raman spectra obtained on sample P SiO2 and exhibiting increased background scattering
for the ∼ 4 mm thickness glass substrate. Weak thiophenol signature is shown in the region-of-interest box; Inset shows a
typical SEM image of surface used for SERS: Au on the CTF film. (b) Close-up view of thiophenol spectral lines measured on
sample P SiO2 in top-side and back-side acquisition cases. (c) Comparison of background subtracted Raman signal obtained on
different dielectric coatings underlying the thin Au film at the percolation threshold. Objective lens was NA = 0.25, wavelength
of excitation λ = 633 nm, acquisition time 5 s. See Table I for sample nomenclature.
RESULTS AND DISCUSSION
For SERS functionality nano-particles and nano-gaps
are essential for light field enhancement at nanoscale -
the generation of “hot-spots”. Gold films at the percola-
tion threshold have a random pattern of openings, hence,
nano-gaps which can be used as hot-spots in SERS. Fig-
ure 2(a) shows a typical Au film coated over a SiO2
porous layer (sample P SiO2). This surface morphology
corresponds to the local minimum in the transmission ob-
served during deposition (Fig. 2(b)) and is also observed
when TiO2 and MgF2 underlying dielectric coatings are
used. Thickness of the gold film was 10-20 nm as could
be estimated from SEM images. Gold was evaporated di-
rectly onto the porous or CTFs and was loosely attached
to the substrate. A local transmission minimum occurs
when transmission, T , is approximately at a 1/e-level
(for the normalised transmission). The refractive index
of gold at λ = 600 nm is n+ ik = 2.42 + i2.9152, hence,
the transmission through a thickness of x = 16.5 nm
is T = exp(−4pikx/λ) ≃ 1/e. For longer gold deposition
durations there is at first a slight increase in transmission,
most probably due to an augmented forward scattering
through the openings as result of Fresnel reflection, be-
fore T starts to continuously decrease once the openings
are closed and the gold film grows in thickness.
Columnar coatings deposited at large glancing angles
exhibit nanoscale surface roughness and by applying a
thin Au coating they were prepared for SERS. Polar-
iscopy measurements were carried out to characterise the
retardance of the coating with Au film at the percolation
threshold. Figure 3 shows that an effective retardance
measured in transmission was only 0.2-0.5% of the cor-
responding wavelength over the entire visible spectrum.
This is a very small number and the porous and colum-
nar films served only as nano-rough substrates for SERS.
It is noteworthy, that coatings corresponding to λ/2 re-
tardance would realise phase matching for constructive
interference on the Au surface (inset in Fig. 3) and can be
used to augment SERS intensity (planned as a next step
of this study). The light reflected from the glass-coating
boundary (inset in Fig. 3) can be considered as a back-
side SERS excitation component, since it is propagating
from the high to the low refractive index region, hence,
the Fresnel enhancement takes place [1]. Thickness of the
coating, d, was measured from SEM cross sectional im-
ages and was d ≃ 300±10 nm, which defines the birefrin-
gence ∆n ≃ 6 × 10−3 for the measured ϕ/2pi = 0.003 at
λ = 633 nm used in SERS. Intriguingly, a very small bire-
fringence was observed in the case of porous and vertical
columnar structures (Fig. 3) for which isotropic, hence
non-birefringent, film performance is expected. However,
film deposition is a complex process governed by local
temperature and material delivery peculiarities, hence,
local symmetry braking and anisotropy can be expected
and related to the material flux. For example, surface of
the vertical columnar film (Fig. 1(d)) clearly shows an
anisotropy of nano-grain orientation on the top of the
film. Thicker dielectric films will be made for experimen-
tal measurements of birefringence and will be related to
the cross sectional morphology and porosity in a follow-
ing study.
Low SERS signals were observed from thiophenol re-
porter molecule coated samples (Fig. 4). The back-
side irradiation mode showed a strong fluorescence back-
ground (Fig. 4(a)). The region-of-interest for thiophenol
peaks on porous silicaP SiO2 for the front- and back-side
SERS collection modes is shown in (Fig. 4(b)). There
was a recognisable difference between SERS intensity for
the two acquisition modes. The SERS intensity is nor-
5malised only to the transmission through the microscope
and a front-side reflection is not taken into account for
the data shown in Fig. 4 for the back-side mode (re-
flectivity of the air-surface is R = (n − 1)2/(n + 1)2
for intensity). A slightly larger SERS signal by a fac-
tor of 1.2-1.6 was observed for the back-side irradiation.
The reason of the enhancement is due to the local E-
field amplitudes being different in the surface for the air-
substrate and substrate-air cases [1]. For example, in the
case of glass substrate for a back-side mode the ampli-
tude of the transmitted light depends on the refractive
index ratio between media of incidence and transmission
(ni = 1.5 vs nt = 1) as t = 2ni/(ni + nt) ≡ 1.2. Since
SERS enhancement factor depends on the local E-field
intensity at the wavelength of excitation and scattering
- the electromagnetic enhancement factor, MEnh - one
can expect an augmented SERS intensity by a factor of
MEnh = I
2
exc × I
2
Raman
≃ t4 ≃ 2.1. The strongest back-
side enhancement was observed for a silica porous film
which has a slightly larger refractive index than porous
MgF2: for a solid film it would correspond to 1.4 vs 1.2.
Interestingly, tilted column TiO2 films (deposition at 60
and 70 degrees) showed almost identical SERS intensity
for both modes of excitation, most likely due to the neg-
ligible difference in retardance in both cases over the 300
nm thickness. However, for the CTF structures, there is
a possibility to control the local light field intensity on
the interface where SERS is measured by the phase con-
trol through film thickness and exploiting the zero phase
shift for light traversing form the higher to lower refrac-
tive index region (nt < ni).
Earlier studies showed that SERS intensity is propor-
tional to the thickness of gold [11, 12] for measurements
in reflection (front-side mode). Formation of hot-spots in
SERS occurs when 3D morphology of the surface devel-
ops in thicker gold films. If gold is coated over existing
3D nano-textured surfaces the hot-spots are formed in
the crevices as demonstrated for well controlled 3D sur-
face patterns [13]. In this regard the percolation nano-
gaps are not as directly applicable for SERS since they
are mostly planar and formed on a flat substrate. SERS
is typically measured on 100-nm-thick Au coatings and
up to 6-8 fold decrease in SERS intensity is expected on
16 nm gold films. SERS intensity is also scales linearly
with the solid collection angle and a low numerical aper-
ture NA = 0.25 (cone angle ψ = 14.5◦) used in back-
side SERS measurements contributes to the lower sig-
nal [14]. The observed SERS rate of 30 counts/(mW·s)
would be 3 times stronger for the popular NA = 0.75
(cone angle ψ = 48.5◦) acquisition mode. This shows
that the layer system of nanostructured dielectric and
thin gold films used in this study can perform at the level
of 103 counts/(mW·s) for the commonly used NA = 0.75
lens which is typical for many reported SERS substrates.
Further SERS enhancement is achievable with formation
of deep nano-grooves usually obtained on nano-rough
substrates using thick (d > 100 nm) metal coatings.
CONCLUSIONS AND OUTLOOK
It has been demonstrated that thin ∼ 15 nm gold
coatings at the percolation threshold can be used as
SERS substrates. Re-scaled for acquisition with a typi-
cal NA = 0.75 objective lens, the SERS intensity could
reach 103 counts/(mW·s), which is typical in the SERS
field. The presence of the back-side SERS intensity aug-
mentation is confirmed for percolation films for the first
time.
Future work is required for fabricating SERS sub-
strates which are optimised for maximum E-field en-
hancement factors on the surface via the use of birefrin-
gent CTF λ/2 plates and percolation coatings. Phase
control via the thickness of the phase plate could bring
a new means of SERS control [15] and can be imple-
mented to improve the signal-to-noise ratio using SERS
signals from two different CTF regions. Such control
would inherently require a percolation property of films
for light transmission. Porosity and gas permeability of
CTF could also find use in practical SERS applications.
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